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Introduction
Even in 21st century, multiple drug-resistant 35 bacteria (MDRB) infection is one of the top three threats to human health 1-2 . Since 1928, antibiotics have been responsible for saving countless human lives. However, due to the extensive use of antibiotics and the extraordinary genetic capacities of microbes, human pathogens have developed 40 multiple mechanisms of resistant to all types of antibiotic used into clinical practice [1] [2] [3] [4] [5] [6] . The WHO predicts existing antibiotics can only be used for the next 1-2 decades [1] [2] [3] [4] [5] [6] . Since pathogens are evolving to resist antibiotics faster than scientists can develop new class of antibiotic drugs [1] [2] [3] [4] [5] [6] , society is facing a very difficult 45 battle against resistant pathogens in water and food supplies. Recently several articles reported that antibiotic-resistant bacteria entering the aquatic environment through the wastewater discharge is a huge concern for human health [7] [8] [9] [10] [11] [12] [13] . During the last 60 few years several nanomaterial and polymer-based antimicrobial agents have been developed to tackle antibiotic resistant-bacteria problem [5] [6] [9] [10] [11] . Recently reported data [12] [13] indicate that wastewater treatment by ozonation, UV-irradiation, or photocatalysis in combination with different filtering techniques 65 may be useful to eliminate microorganisms from sewage before discharging into surface waters. Now, society is facing an enormous problem, the nightmare of tackling antibiotic resistance bacteria. These challenges clearly indicate that an urgent need for the development of new materials which can be used for accurate 70 separation and effective disinfection of multiple drug resistant pathogens exists. Driven by this urgent need, in the current manuscript, we report the development of an antimicrobial peptide conjugated, porous, graphene oxide membrane for identification, effective separation and complete disinfection of 75 MDR pathogens from water as shown in Scheme 1.
Due to the low cost, ease of large scale production and remarkable properties, 2D graphene oxide holds great promise for daily-life applications [14] [15] [16] [17] [18] [19] [20] [21] . Several recent reports indicate that 80 two-dimensional graphene oxide offer an exciting opportunity to develop a new class of membrane, which block all molecules or ions with a hydrated size larger than 9 Å 22-33 . Here we report for the first time that an antimicrobial peptide conjugated graphene oxide-based membrane with a pore size around 250 nm can not 5 only block MDRB pathogens from water, but also has the capability to kill MDRB in contact, consequently acting as a disinfectant. In our design we have used nisin attached to a graphene oxide membrane, where nisin, a 34 amino acid residue peptide, acts as an antimicrobial. Nisin is usually used as a 10 preservative in foods, approved by the WHO, and the FDA [34] [35] [36] [37] [38] . Our experimental data show that nisin-conjugated porous membrane can be used as a versatile membrane to identify, remove and kill methicillin-resistant Staphylococcus aureus (MRSA) simultaneously. MRSA, a multidrug-resistant gram-15 negative bacteria, cause pneumonia, urinary tract, and bloodstream and skin infections which kill more than 19000 people every year in USA alone [1] [2] [3] [4] [5] [6] . 
Results and Discussions
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For highly efficient capture and disinfection, 3D graphene oxide foam based membranes with the antimicrobials peptide, nisin attached has been developed. As shown in Figure 1A , first 2D graphene oxide sheet were produced using a modified Hummers 35 method as reported recently [17] [18] [19] [32] [33] [39] [40] . Next, nisin was attached to the 2D graphene oxide via amide linkages using the coupling chemistry between -CO 2 H group of 2D graphene oxide and -NH 2 group of nisin by the cross-linking agent EDC (1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide). In the final step, a 3D graphene oxide foam was developed by attached cross-linking the 2D graphene oxide using amine functionalized PEG and attaching the nisin antimicrobials peptide, as 10 shown in Figure 1A . PEG was used to form the 3-D porous architecture by interconnecting the graphene oxide sheets and the antimicrobials peptide attached via amine linkages. The semi-solid formed was spin casted to yield the membrane with 5 X 5 cm 2 size, as shown in Figure 1B . 15 Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, and high-resolution scanning electron microscope (SEM) were used to characterize the membrane, as reported in Figure 2 . The FTIR spectrum of the nisin antimicrobials peptide 20 attached graphene oxide membrane shows a very strong and broad band at ∼3350 cm −1 , which is due to the peptide Amide A band due to the N-H stretching vibration. This bond is very broad due to overlap of three different bands from peptide Amide A band, PEG amine band and -OH vibration from graphene oxide 25 carboxyl group. The amide II band observed at ∼1550 cm −1 is mainly due to the in-plane NH bending vibration from the peptide. Similarly, the peptide's amide III and amide V bands are observed ∼1250 cm −1 and ∼650 cm −1 as shown in Figure 2A . The strong IR peak observed ∼2300 cm −1 is due to the -NCO 30 vibration, clearly indicates the formation of amides from peptide/PEG-NH 2 groups and graphene oxide-CO 2 H group. Also, the carbonyl (-C=O) stretch observed at ∼1725 cm -1 correspond to unreacted carboxylic acid groups of graphene oxide. 35 The Raman spectrum from membrane shown in Figure 2B clearly shows the D-band ∼1340 cm -1 and a G-band ∼ 1620 cm -1 .
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The strong D band indicates that the degree of graphene oxide modification is high. To understand, whether the developed nisin antimicrobials peptide attached graphene oxide membranes can be used for the removal of MRSA from water, 8.9 x 10 6 colony-forming units (CFU)/mL 50 of MRSA were used to contaminate 100 mL of drinking water. After 90 minutes of gentle shaking, the infected water sample was filtered using the membrane. After filtering, the removal efficiency was measured using reverse transcription polymerase chain reaction (RT-PCR) technique 42 , as well as colony plating 55 technique on LB agar in water sample, as shown in Figure 3 . SEM, TEM and fluorescence imaging techniques were used to characterize the MRSA separated by the membrane. Experimental measurement using colony plating technique and RT-PCR, as shown in Figures 3D, 3E and 3F, clearly show that about 100% of 
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Since MRSA is resistant to several antibiotics such as penicillin, amoxicillin, oxacillin, methicillin, mupirocin, the ability of the membrane able to disinfect MRSA after separation to prevent spreading is very important. To determine whether the MRSA captured by nisin antimicrobials peptide attached graphene oxide 20 membrane is alive or dead, the membrane surface was washed thoroughly using 100 mL of water and the amount of live MRSA was estimated using colony plating. Also, to find out whether the presence of nisin antimicrobials peptide is necessary to kill MRSA, the same experiment was performed with a 3D graphene oxide membrane 25 without the nisin antimicrobials peptide attached. As shown in Figure 4B , almost 100% of MRSA was killed when we used nisin antimicrobials peptide attached membrane. On the other hand, most of the MRSA was alive when an unmodified graphene oxide membrane was used. 30 The observed very high killing efficiency by membrane in the presence of nisin antimicrobials peptide can be due to the several facts. First, several reports [34] [35] [36] [37] [38] indicate that nisin inhibits bacterial cell-wall synthesis by the binding of the N-terminal AB-ring fragment to lipid II. After binding to lipid II, the C-terminus of nisin inserts 35 into the phospholipid membrane and, as a result, the collapse of a vital ion gradients occurs, ultimately resulting in MRSA cell death. Another possibility is that 3D graphene oxide can kill MRSA. The mechanism for killing MRSA by 3D graphene oxide is by mechanically wrapping of MRSA, as shown in SEM and 40 Figures 2A & 2B . This wrapping may cause induce membrane stress by disrupting and damaging cell membranes until cell lysis occurs, as previously reported [39] [40] [41] .
TEM image in
To understand which mechanism is really responsible for MRSA 45 killing, the same experiment was performed using only 3D graphene oxide without nisin. Similarly, to find out how much MRSA is killed by nisin peptide only, nisin was added directly to the water. As shown in Figures 4C, nisin The reported separation and killing efficiency for MRSA using nisin antimicrobial peptide conjugated porous 3D graphene oxide 75 membrane is about 2-5% higher than the reported data by ozonation followed by a filter passage or UV disinfection followed by a filter passage 7-8,12-13 . Since retention and reuse of membrane are keys for the water treatment technology, the removal capacity of nisin antimicrobial peptide conjugated porous 3D graphene oxide membrane for several reuse cycles when the concentration of MRSA was 10
6 CFU/mL was tested. 5 The removal and killing capacity efficiency can be maintained for 7 cycles. Additional filtrations after 7 cycles show a decrease in efficiency.
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Conclusion
In conclusion, in this manuscript we have reported the development of nisin antimicrobial peptide conjugated porous 3D graphene oxide membrane which has the capability to separate, 15 identify and completely disinfect multidrug-resistant pathogens from water. We have shown that since the pore size of the membrane (∼300 nm) is much smaller than MRSA (∼1000 nm), only water can pass through the porous membrane when MRSA infected water sample was filtered by the membrane. MRSA 20 pathogens were captured by the membrane, which had been confirmed by SEM, TEM and fluorescence images. Using RT-PCR and colony counting data, we have shown that almost 100% of MRSA were removed from the water sample and killed using nisin antimicrobial peptide conjugated membrane.
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Our reported disinfection data with only nisin, only the graphene oxide membrane and the nisin attached graphene oxide membrane demonstrate that the nisin attached graphene oxide membrane can dramatically enhance the possibility of destroying 30 MRSA via synergistic effect. 3D graphene oxide helps to trap MRSA which causes membrane stress. This condition allows nisin to bind easily with MRSA via N-terminal to lipid II and Cterminal with phospholipid membrane, and as a result the nisin attached porous graphene oxide membrane kills almost 100 % of 35 the bacteria. Though we are in relatively early stage of development of antimicrobial peptide conjugated 3D graphene oxide based porous membrane, we believe that the reported membrane has enormous potential for the separation and disinfection of different pathogens. Vigorous research needs to be 40 conducted to find a cost effective process for large scale development of graphene oxide membranes and methods to improve the long-term performance of the membrane for water and wastewater treatment before it can be used for technological application. Continuous collaboration between scientists and 45 engineer will open up a new possibility for rapid removal, identification and highly efficient disinfections of drug resistant MRSA from environmental samples.
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Experimental
All chemicals were purchased from Fisher Scientific and SigmaAldrich, including graphite, nisin, KMnO 4 , PEG, NaNO 3, sulfuric acid and ethylene glycol. MRSA bacteria and MRSA 55 growth media were purchased from the American Type Culture Collection (ATCC, Rockville, MD).
Development of nisin antimicrobial peptide attached 2D Graphene Oxide
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For developing 2D graphene oxide, modified Hummers reported method was used for graphite exfoliation by strong oxidizing agents, as reported before and shown in Figure 1A 17 -19,32-33 . In brief, 1.5g of graphite powder was treated for 25 minutes with 65 1.5g of NaNO 3 in 50 mL of H 2 SO 4 and 4g of KMnO 4 , without changing the temperature. Next, we have continued the reaction for 30 minutes and a thick paste was obtained. After that, we filtered and re-dispersed the obtained graphene oxide in 100 mL of water and sonicated for several hours for exfoliation. The 70 graphene oxide carboxylic acid using the amine group of nisin via EDC (1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide) crosslinking. Finally, high-resolution JEM-2100F transmission electron microscope (TEM) instrument, IR and Raman spectroscopy were used to characterize nisin antimicrobial 75 peptide attached 2D graphene oxide.
FTIR Measurement
To find out the chemical composition of nisin antimicrobial Bacteria sample preparation 5 MRSA pellet were purchased from the ATCC and then cultured using ATCC protocol as instructed. Initially, supplied pellet of MRSA was rehydrated on 5 to 6 ml of Bacto tryptic soy broth (BD) and incubated at 37 0 C for 24 hours. After that, a single colony of MRSA from tryptic agar plate was inoculated into 10 10 ml of Tryptic Soy Broth for 12 hours. From the stock solution of bacteria, we have diluted several times to vary the concentration of MRSA from 10 3 -10 7 CFU (colony forming unit)/mL.
Fluorescence Imaging
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For fluorescence imaging of MRSA, an Olympus IX71 inverted confocal fluorescence microscope was used to detect the Cy5 attached peptide. 630 nm light was used as an excitation source and SPOT Insight digital camera has been used for fluorescence 20 collection. Olympus DP capture software has been used for data processing.
Determination of the percentage of live bacteria 25 After removal, the MRSA bacteria were transferred to colonycountable plates and incubated for 24 h at 37 0 C. The colony number for each plate was counted with a colony counter (Bantex, Model 920 A). 30 
